C
omplications of artery disease (eg, acute myocardial infarction [AMI] ) are the leading cause of death worldwide. Measurement of circulating biomarkers is of central importance to the evaluation of acute chest pain.
1,2 A number of biomarkers have been used for this evaluation. Currently, the most commonly used biomarker for AMI is cardiac troponin. 3 High-sensitivity troponin assays have significantly improved the sensitivity for early diagnosis of AMI. [4] [5] [6] However, the main disadvantage of troponin is that plasma levels only rise several hours after the onset of chest pain patients with AMI. [4] [5] [6] None of the other biomarkers, such as creatine kinase (CK) B, C-reactive protein (CRP), heart-type fatty acid binding protein, and ischemia modified albumin, rise as rapidly or specifically as troponin. [7] [8] [9] [10] [11] Furthermore, troponin and other conventional markers are released by necrotic myocardium, so they cannot be used to detect acute myocardial ischemia. 6 Therefore, the detection of myocardial ischemia earlier or in the absence of AMI is challenging, and early and specific markers for acute myocardial ischemia are not currently available. Macrophage migration inhibitory factor (MIF) is a 12.5-kDa protein, present in a wide variety of cell types, including cardiomyocytes and immune cells. [12] [13] [14] [15] MIF has a range of actions, including metabolic regulation and modulation of inflammatory responses, and plays an important role in cardiovascular disease (CVD). 16, 17 MIF is known to play a significant role in AMI and ischemia/reperfusion injury. [18] [19] [20] Previous clinical studies by other groups reported an increase in plasma MIF levels in patients with AMI 4 to 6 hours after admission. 14, 21 Levels remained elevated over the next 2 weeks. 22 Our group further demonstrated that plasma MIF was elevated in patients with AMI at the earliest available samples after admission (average 211 minutes for symptomsampling time). 23 In mice, we detected a rapid increase in plasma MIF within 15 minutes of coronary artery ligation, accompanied by a reciprocal reduction in myocardial MIF content, suggesting the release of MIF from myocardium into the circulation. 23 The release at 15 minutes occurred before the development of irreversible cardiac ischemic damage. So, we hypothesized that acute myocardial ischemia induced by a stress cardiac test in patients with coronary artery disease (CAD), but without AMI, would be sufficient to cause MIF release from the heart into the circulation. Demonstration of such release may also indicate the potential for plasma MIF as an early marker for the presence of myocardial ischemia.
Methods

Study Subjects
We recruited patients who had already been scheduled to undergo stress nuclear myocardial perfusion scan or stress echocardiography at the Alfred Hospital. The stress studies were undertaken to evaluate chest pain or as part of preoperative assessment for evidence of inducible acute myocardial ischemia in patients with known CAD. This study was approved by the Alfred Hospital Ethic Committee in accord with National Health and Medical Research Council's (NHMRC) National Statement on Ethical Conduct in Research Involving Humans. All patients provided written informed consent.
Patients undergoing a 6-minute walk test for the evaluation of peripheral arterial occlusive disease (PAOD), but who had no known CAD, were recruited from the Department of Cardiovascular Medicine, 1st Affiliated Hospital, Jiaotong University (Xi'an, China). A further series of patients undergoing coronary percutaneous coronary intervention (PCI) were also recruited from the same department. Ethics approval for both studies was obtained from the human ethics committee of 1st Affiliated Hospital, Jiaotong University, and all patients gave informed consent.
Stress Myocardial Perfusion Scan
Continuous erect graded bicycle exercise (2 min/workload) was performed with 12 lead electrocardiogram (ECG) monitoring. Tc-99m sestamibi (3 MBq/kg) was given intravenously in the last 1.5 minutes of exercise. Supine and prone singlephoton emission computed tomography (SPECT) images were obtained 10 minutes post exercise. Rest images, using the same technique, were performed 4 hours later with a further reinjection of 8 MBq/kg of Tc-99m sestamibi. Patients with reversible perfusion defects were considered to have a positive nuclear stress test result for inducible myocardial ischemia. ECG criteria were not used to identify positive cases, but cases with ECG-only changes were not included as controls.
Stress Echocardiography
Patients underwent a symptom-limited exercise treadmill test, combined with echocardiography, using the standard Bruce protocol. Heart rate, blood pressure, and electrocardiographic measurements were obtained at rest and during each stage. Resting echocardiographic views were recorded before exercise using a standard hospital protocol. Immediately after exercise, echocardiography was repeated to assess the presence of inducible left ventricular regional wall motion abnormalities. ECG criteria were not used to identify positive cases, but cases with ECG-only changes were not included as controls.
Blood Sample Collection
Venous blood samples were withdrawn from patients before and 5 and 15 minutes after cardiac stress test or 6-minute walk test. Venous and coronary blood samples were withdrew in patients undergoing PCI. Plasma was separated from heparinized vacuum tubes (spun at 400g for 15 minutes and then at 3000g for 10 minutes) and stored at À80°C until assayed.
High-Sensitivity Cardiac Troponin T and High-Sensitivity CRP High-sensitivity troponin T (Roche Diagnostics, Risch-Rotkreuz, Switzerland) and CRP in plasma were measured at the Department of Chemical Pathology of the Alfred Hospital. The 99th percentile for troponin T for normals has been determined to be ≤13 ng/L. Troponin T was measured at 3 time points (baseline and 5 and 15 minutes after exercise) in all patients. CRP was measured at 3 time points in all positive test patients and the first 31 negative test patients. Given that CRP did not change after exercise, the remaining patients in the negative group only had a baseline measurement.
ELISA Assay
MIF levels in plasma were measured in duplicate using quantikine ELISA human MIF immunoassay according to the manufacturer's instructions (R & D Systems, Minneapolis, MN). The coefficient of variation for intra-and interassay variation was 2.2% and 3.6%, respectively.
Western Blot
Frozen tissues of mouse left ventricle or calf skeletal muscle were homogenized in ice-cold modified RIPA buffer containing (in mmol/L) tris-HCl 50, NaCl 150, b-glycerophosphate 25, NaF 2, Na 3 VO 4 1, and phenylmethysulfoyl fluoride 1, in the presence of 1% Triton X-100, protease inhibitors (pH=7.4; Sigma-Aldrich, St. Louis, MO). Protein concentration was determined using BCA protein assay (Bio-Rad Laboratories, Hercules, CA). An equal amount of proteins from each sample was separated on 15% SDS-PAGE and then transferred onto PVDF membranes. The membrane was incubated with anti-MIF (1:2000; Abcam, Cambridge, UK) or anti-b-actin (1:4000; Abcam) overnight and then an anti-rabbit immunoglobulin G secondary antibody (1:5000; Cell Signaling Technology, Inc., Danvers, MA) for 1 hour. Bands were visualized using enhanced chemiluminenscence (Santa Cruz Biotechnologies, Santa Cruz, CA) and quantified using the software Quantity One (Bio-Rad). Results were normalized by respective levels of b-actin.
Real-Time Polymerase Chain Reaction
Total RNA was isolated from the left ventricle or calf skeletal muscle with Trizol Reagent (Invitrogen, Carlsbad, CA), following the manufacturer's instructions. After DNase treatment (Promega, Madison, WI), RNA was reverse transcribed to firststrand cDNA using random primers and M-MLV reverse transcriptase (Invitrogen). Real-time quantitative polymerase chain reaction (PCR) was performed, in duplicate, using an Invitrogen SYBR green kit on an ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). Expression of GAPDH was used as a housekeeping gene for normalization. Transcription abundance was expressed as fold increase over skeletal muscle calculated by the 2 ÀDDCt method.
Cardiac Catheterization Patients
In order to examine the possibility that the elevation of plasma MIF might be attributed to stress-induced release from atherosclerotic plaque, we recruited CAD patients undergoing PCI of the left anterior descending coronary artery (n=9). Coronary angiography and PCI were conducted in the standard fashion with the additional use of a Terumo Finecross MG (NC-F 8633A) catheter to allow blood collection from beyond the stenosis. Blood samples were taken from a peripheral vein immediately before the PCI. Further samples were taken from the beyond the left anterior descending (LAD) artery stenosis immediately before and immediately after balloon angioplasty preceding stent deployment. Samples were processed and assayed for MIF as previously described.
Peripheral Obstructive Arterial Disease Patients
In order to determine whether ischemia of skeletal muscle induced MIF release, we further examined whether plasma MIF was also elevated by exercise sufficient to induce claudication in patients with known PAOD but no known history of CAD. Patients who underwent a 6-minute walk test and who had claudication at the termination of the test were enrolled in the study. Venous blood samples were taken before and 5 and 15 minutes after completion of exercise. Samples were processed and assayed for MIF as previously described.
Statistical Analysis
Continuously variable data are expressed as meanAESEM (laboratory data) or meanAESD (clinical data) for normally distributed data or median (25th, 75th percentiles) for nonnormally distributed data. Continuously variable data were evaluated for normality using the Kolmogorov-Smirnov test and analyzed by Student t test or Mann-Whitney test, depending on whether or not data were normally distributed. Categorical data was presented as percentage and analyzed by v 2 test. Receiver operating characteristic curve analysis was used to calculate the area under the curve (AUC) of percent changes of MIF at 5 and 15 minutes after exercise for diagnosing acute myocardial ischemia. Univariate general linear model was employed to assess whether the association between MIF and the presence of acute myocardial ischemia was influenced by baseline risk factors, such as age, smoking, diabetes mellitus, hypertension, hyperlipidemia, and family history of CVD. All statistical analyses were performed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL) and statistical significance was set at P<0.05 (2-sided).
Results
Because all patients with a positive stress test were males, we only included male patients with a negative stress test as controls. For balloon angioplasty and PAOD studies, the majority of patients were also males, so we only included male patients throughout this study.
Acute Myocardial Ischemia Study
Basic characteristics
Twenty-two patients had a positive cardiac stress test. Sixtytwo patients with a negative stress test served as controls. Table 1 shows subject characteristics for both groups. Groups were matched by age. There were no significant differences in prevalence of smoking, diabetes mellitus, hypertension, hyperlipidaemia, family history of CVD, and previous history of myocardial infarction (MI) and stroke. More patients with a positive stress test had known CAD. There were no significant differences in medication, except that more patients in the positive group received angiotensin-converting enzyme inhibitors. Heart rate and systolic and diastolic blood pressure at baseline and peak exercise were comparable in the positive and negative groups. Thirteen percent in the positive group and 1.6% in the negative group developed chest pain during or after cardiac stress. In the positive group, 50% had ST segment depression, and 13.6% of patients had other ECG changes, such as atrial ectopics and supraventricular tachycardia, whereas the remaining patients had normal ECG during or after cardiac stress. None of them had ST elevation. In the negative group, none of the patients had acute ischemic changes on ECG.
No changes of troponin T and CRP in acute myocardial ischemia
Eleven of 22 patients in the positive group and 52 of 62 patients in the negative group had troponin T levels below the 99th percentile (ie, <13 ng/L) at baseline, indicating that a higher proportion of patients in the positive group had baseline troponin T levels >13 ng/L (P<0.01). The remaining 11 patients in the positive group had median troponin T level of 20 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) ng/L, and the remaining 10 patients in the negative group had median troponin T level of 17 (14) (15) (16) (17) (18) (19) (20) (21) (22) Figure 1A ) and CRP ( Figure 1B ) at 5 or 15 minutes, relative to baseline values after cardiac stress, was not significant between positive and negative groups. 
MIF levels elevated in acute myocardial ischemia
Baseline MIF was comparable between groups (Figure 2A and 2B). MIF levels at 5 and 15 minutes after cardiac stress were significantly elevated compared to baseline values in the positive group (Figure 2A ), but not in the negative group ( Figure 2B ). At 5 minutes after stress, MIF was increased by 39.9% in the positive group, compared to À0.3% in the negative group ( Figure 2C ; P<0.001). At 15 minutes after stress, MIF was increased by 22.1% in the positive group compared to À8.4% in the negative group ( Figure 2D ; P<0.001). The association between myocardial ischemia and change of MIF levels analyzed by univariate general linear model was not altered after adjustment for baseline characteristics (age, smoking, diabetes mellitus, hypertension, hyperlipidemia, and family history of CVD). Plasma MIF before and after balloon angioplasty Basic characteristics of patients are presented in Table 2 . Coronary plasma MIF level did not change after balloon angioplasty (P>0.05; Figure 3A ).
Peripheral Ischemia Study
Basic characteristics of patients with PAOD are presented in Table 3 . All patients developed claudication during exercise. However, plasma MIF level did not change at 5 or 15 minutes after exercise compared to baseline (P>0.05; Figure 3B ).
Comparison on MIF Levels Between Heart and Skeletal Muscle in Mice
Given that plasma MIF was increased with myocardial, but not peripheral, muscle ischemia, we compared gene and protein expression of MIF between cardiac and skeletal muscle from mice. Gene expression of MIF was 30-fold higher in the heart, compared to skeletal muscle ( Figure 4B ; P<0.01), and protein expression of MIF was 3-fold higher in the heart compared to skeletal muscle (Figure 4A and 4C; P<0.001).
Discussion
In the present study, we demonstrate that plasma MIF, most likely arising from the heart, is elevated after exercise in subjects who develop myocardial ischemia in comparison to those who do not. In contrast, plasma levels of troponin T and CRP are unchanged after stress. Coronary plasma MIF is not altered after balloon angioplasty of the LAD in patients with LAD stenosis, suggesting that elevated plasma MIF after a positive stress test may be not attributed to release from atherosclerotic plaque. In addition, plasma MIF is not affected by exercise sufficient to induce claudication in patients with PAOD, suggesting that plasma MIF is not a marker for peripheral muscle ischemia. Last, we find that gene and protein expression of MIF in mice is much higher in the heart than in skeletal muscle. Our results suggest that plasma MIF is an early marker for acute myocardial ischemia. We previously demonstrated that plasma MIF rose earlier than troponin in patients with AMI. In mice, a rapid increase of plasma MIF was induced by 15 minutes occlusion of coronary artery, which is not sufficient to cause cell death, suggesting that acute myocardial ischemia could induce elevation of plasma MIF. 23 In contrast, plasma troponin levels were not elevated at this time. In the present study, we further demonstrated that plasma MIF increases shortly after cardiac stress only in patients with evidence of acute myocardial ischemia, but not in those with no evidence of acute myocardial ischemia, suggesting that MIF is an early marker for acute myocardial ischemia. In contrast, troponin T and CRP did not increase in stress-induced acute myocardial ischemia. Before the stress test, 50% of the patients in the positive group with evidence of acute myocardial ischemia had troponin T levels >13 ng/L, whereas only 16% of the patients in the negative group had troponin T levels >13 ng/ L. This finding is consistent with previous studies, which have suggested that troponin predicts cardiovascular events, including incident heart failure and cardiovascular death, even in the general population. [24] [25] [26] There have been several previous studies examining whether an increase in plasma troponin occurs in the presence of exercise or pharmacological stress-induced myocardial ischemia. In the majority of these studies, myocardial ischemia was not associated with an increase in plasma troponin. These include studies with troponin T 27-29 and troponin I, 30 with 1 study finding a blunting of the rise in troponin T in patients without objective ischemia. 31 These studies have used highly sensitive assays.
One study 32 did report an increase in troponin I in exerciseinduced myocardial ischemia compared with stress test negative controls. Although resting plasma high-sensitivity CRP is known to be elevated in patients with CAD compared with controls, 33 there is little data on the short-term influence of acute myocardial ischemia induced by exercise. In the study of Danzig et al., 34 exercise in patients with CAD was associated with an increase in matrix metalloproteinase 9 and preexercise plasma high-sensitivity CRP was higher in CAD patients than controls, but no effect of exercise on CRP was reported.
The clinical significance of plasma MIF as an early marker of acute myocardial ischemia is multifold. First, MIF may help to identify myocardial ischemia in patients who present with chest pain. Second, MIF may help to detect the presence of acute myocardial ischemia in patients with existing ischemic heart disease. Third, MIF may help to identify early abnormalities in patients with acute coronary syndromes and AMI, thus limiting disease progression and improving patient outcomes through close monitoring and early diagnosis and treatment. 35 MIF is expressed by multiple cell types, including cardiomyocytes 14, 36 and immune cells. 13, 15 Release of MIF from cardiomyocytes is different from that of troponins. MIF is present in a preformed intracellular storage and can be released by viable and stressed cardiomyocytes. 37, 38 In contrast, troponins are structural components of the cardiomyocyte sarcomere, and they enter into the circulation by leakage through the disintegrated cellular membrane of dead cells. 6 So, unlike troponins and other biomarkers (CK-MB and myoglobin), plasma MIF could be an early marker for acute myocardial ischemia. A previous study showed that hypoxia (3 and 6 hours) and H 2 O 2 (within 1 hour) stimulated MIF expression in cultured rat cardiomyocytes. 14 Jian et al. further found that the increase of endogenous cardiac MIF expression positively correlated with degree of hypoxia. 39 Using isolated perfused mouse heart, Miller et al. observed overflow of MIF into coronary venous drainage after exposure to hypoxia accompanied by decreased heart MIF content. 36 In mice, we also detected a rapid increase in plasma MIF within 15 to 60 minutes of coronary artery ligation, accompanied by a reciprocal reduction in myocardial MIF content. 23 These results suggest that MIF is released from the myocardium into circulation during acute myocardial ischemia. It is known that MIF is expressed in atherosclerotic plaque. 40, 41 To exclude the possibility that the increase of plasma MIF after ischemia is attributed to release from atherosclerotic plaque, we compared plasma MIF in the coronary artery before and after balloon angioplasty of the LAD in patients with CAD. We found that coronary MIF was not elevated by balloon angioplasty, suggesting that elevation of plasma MIF in patients with stress-induced myocardial ischemia does not originate from coronary atherosclerotic plaque given that it is unlikely that any pertubation of coronary plaque caused by stress would be as disruptive as that caused by angioplasty. However, we cannot exclude the possibility that patients had ruptured unstable plaque during cardiac stress, whereas the patients had more-stable plaque during PCI in our study. The demonstration that myocardial ischemia was sufficient to cause release of MIF raised the possibility that this might also occur in ischemia of other muscles. Leg muscle ischemia was of particular interest and relevance given the prevalence of this condition and the frequent coexistence of both coronary and peripheral arterial disease. In PAOD patients, plasma MIF did not change after exercise sufficient to induce leg pain, suggesting that plasma MIF is not a marker for skeletal muscle ischemia. Thus exercise-or stress-induced elevation in plasma MIF in patients with both coronary and peripheral arterial atherosclerosis is likely to be attributed to myocardial release of MIF, which is an important finding in the possible clinical utility of MIF measurement for the identification of myocardial ischemia. We are not aware of any previous report on circulating MIF and PAOD. It has been shown that MIF is expressed and released by L6 rat myoblasts. 42 We compared MIF gene and protein expression levels between cardiac and skeletal muscle in mice. We found that that gene and protein expression of MIF was much higher in the heart than in skeletal muscle. Lower expression of MIF in skeletal muscle may explain the reason why MIF is not elevated in skeletal muscle ischemia. The study has a number of limitations. Both stress echo and nuclear medicine were used to identify positive cases and the number of positive cases was small. However, only patients with objective evidence of imaging abnormality were included. The small sample size is likely a reflection of the low prevalence of positivity found with such techniques in contemporary practice. The number of study subjects was insufficient to analyze results by method of imaging (stress nuclear myocardial perfusion scan vs stress echocardiography). Of 22 positive cases, 5 patients had minor ischemia and 17 had relatively severe ischemia. Our study was also not powerful enough to assess the relationship between MIF levels and the extent of ischemia attributed to small sample size. A high-sensitivity troponin T assay was used and levels below the 99th percentile were not reported. We might have missed small changes in patients with low baseline troponin T values, but this has not been clinically utilized. The patients in the PCI and PAOD studies were Chinese, in contrast to the cardiac stress study in which the majority of subjects were Caucasian. However, our previous studies on the release of MIF with AMI were also conducted in both Caucasian and Chinese populations and showed similar responses. 23 Ischemia in the PAOD study was defined by the occurrence of typical symptoms, rather than by objective measures of perfusion or muscle function as in the cardiac study. However, all patients had previously had the presence of obstructive disease demonstrated, so it is likely that the appearance of classical claudication was indicative of ischemia.
In conclusion, plasma MIF is elevated in exercise-induced acute myocardial ischemia, but not in exercise-induced leg pain in patients with PAOD. The elevation of MIF is likely not attributed to release from atherosclerotic plaque. The demonstration that plasma MIF is elevated specifically in response to myocardial ischemia raises the potential clinical utility of measurement of plasma MIF.
